Floodplain ecosystems in Africa are under threat due to direct anthropogenic pressure and climate change. The lower Phongolo River and associated floodplain is South Africa's largest inland floodplain ecosystem and has been regulated by the Pongolapoort Dam since the 1970s. The last controlled flood release from the dam occurred in December 2014, after which a severe drought occurred and only a base flow was released. The central aims of this study were to determine the historic and present water quality state of the middle and lower Phongolo River and assess the possible effects of the most recent drought may have had. Historic water quality data (1970s to present) were obtained from monitoring stations within the Phongolo River catchment to assess the long-term water quality patterns. Using multivariate statistical analyses as well as the Physicochemical Driver Assessment Index (PAI), a water quality index developed for South African riverine ecosystems, various in situ and chemical water variables were analysed. Key findings included that the water quality of the middle and lower Phongolo River has degraded since the 1970s, due to increased salinity and nutrient inputs from surrounding irrigation schemes. The Pongolapoort Dam appears to be trapping nutrient-rich sediments leading to nutrient-depleted water entering the lower Phongolo River. The nutrient levels increase again as the river flows through the downstream floodplain through input from nutrient rich soils and fertilizers. The drought did not have any significant effect on water quality as the PAI remained similar to pre-drought conditions.
Introduction
Numerous causes exist that may change or degrade river water quality [1] . These include natural processes such as natural high and low flows and weathering of soils and rock, and/or human activities such as the construction of dams and the discharge of industrial and domestic wastewater, as well as agricultural drainage [2] [3] [4] . These phenomena can be exacerbated by climatic conditions such as drought, one of the most prominent effects of which is reduced flow, which places additional stress on freshwater ecosystems already impacted by human activities [5, 6] .
Although the construction of dams is a necessity that supplies water for agricultural, industrial and domestic use, it is well documented that dams have the potential to cause severe negative is still poorly understood, but also the human activities occurring on the floodplain and in the upper reaches of the river's catchment.
The central aim of this study was to assess the historical water quality of the middle and lower Phongolo River and determine the trends and potential changes in water quality variables from the 1970s to 2017. A second aim was to determine whether the Pongolapoort Dam has had any effect on water quality of the lower Phongolo River. The final aim was to ascertain whether the most recent severe supra-seasonal drought experienced from 2015 to 2017 led to changes in the water quality of the Phongolo River. These aims were achieved by assessing chemical water quality variables collected from the Department of Water and Sanitation's monitoring stations along the middle and lower Phongolo River from 1972 to 2017. Multivariate statistical analyses and PAI were used to compare collected water quality variables above and below the Pongolapoort Dam as well as between historic, pre-drought and drought conditions. Four hypotheses were tested as part of this study: (1) Water quality of the middle and lower Phongolo River has deteriorated since the 1970s due to increased anthropogenic stressors and will be represented by changes in the studied water quality variables and a corresponding decrease in the PAI score of all sites. (2) Owing to historic overuse, the quality of water entering the Pongolapoort Dam from the middle Phongolo River is in a poor state and will be represented by a low PAI score. (3) The Pongolapoort Dam has reduced the quality of water entering the lower Phongolo River and this will be reflected by a lower PAI score below the dam than above the dam. (4) The supra-seasonal drought experienced between 2015 and 2017 negatively affected water quality of the middle and lower Phongolo rivers and caused a further decline in the PAI scores from pre-drought to drought conditions.
Materials and Methods

Study Area
The upper Phongolo River originates in Mpumalanga, South Africa, flowing towards the eastern part of the country where it is joined by the Bivane River before flowing through the Lebombo and Ubombo mountain ranges into northern KwaZulu-Natal [63, 65, 66] . Hereafter, the middle Phongolo River flows through the town of Pongola, where it widens into the intensely cultivated Lowveld area, finally flowing into the Pongolapoort Dam ( [65, 67] , Figure 1 ). The Pongolapoort Dam, completed in 1973, was built with the key purpose of supplying enough water to irrigate 40,000 to 50,000 ha of cultivated land (mostly sugarcane) in the highly fertile area adjacent to the Phongolo floodplain [68] . Before the construction of the Pongolapoort Dam, summer flooding inundated the floodplain, creating a mosaic of environments for the aquatic biota of the area and provided a source of protein to the local people in the form of fish. The possible effects and recommended flood release strategies were researched before the construction of the Pongolapoort Dam (e.g., [63, [69] [70] [71] ) and by the time the dam was completed, a detailed flooding regime had been determined that would mimic the natural floods, sustain the ecological integrity of the floodplain and continue to provide services to the people in the region with minimal effects on the irrigation schemes [68] (see [60, 61] for a full description). However, due to unforeseen circumstances such as the drought of 1981 to 1983 (indicated by arrows in Figure 2 ) and the Domoina cyclone of 1984 (see [64] ), the proposed flooding regime was difficult to implement. More than 40 years later, there is still no proper management of the dam and its release.
The lower Phongolo River and the associated floodplain starts below the Pongolapoort Dam, stretching approximately 80 km downstream to the confluence of the Phongolo and Usuthu rivers at the international border with Mozambique within the conservation area of Ndumo Game Reserve (NGR). It is South Africa's largest riverine floodplain, with an area of 120 km 2 [66, 72] . Approximately 40% of the floodplain lies in South Africa, while the remaining 60% is found in Mozambique, forming part of the Rio Maputa River floodplain [20, 73, 74] . Ndumo Game Reserve is the only protected region of the Phongolo River and floodplain. Many endangered, rare and endemic species are found in the floodplain area, most of which are highly dependent on the river and the numerous temporary, permanent and floodplain associated wetlands [61, 75] . Even though NGR is considered such an ecologically important region, it is severely under threat, as it is surrounded by both subsistence and commercial agriculture. A large agricultural irrigation scheme also operates upstream of the reserve in its catchment area [74] . The eastern part of the reserve is also utilized by the local community as a farming area and local people fish in the river within NGR and actively abstract water from the river for their crops as well (pers. observation; [66] , Figure 1 ). from the dam, the largest of which generally occurs in October, while a smaller release occurs around July ( Figure 2 ). The main goal of this flooding regime is to meet socio-economic demands [58, 61] . Three droughts have occurred in South Africa between 1972 and 2017. The first took place in 1983 [64] , the second from 1991 to 1993 [76, 77] and the most recent from 2015 to 2017 [59] (Figure 2 ). During these periods, the flow of the Phongolo River was greatly reduced and, in the cases of the droughts of 1983 and 2015-2017, no flood releases occurred from the Pongolapoort Dam. The drought of 1983 ended when a severe cyclone (cyclone Domoina) caused the biggest flood ever recorded in the Phongolo River between 29 January and 2 February 1984 [64] . During the drought of 1991 to 1993, normal flood releases still took place. The most recent drought from 2015 onwards is considered the worst that South Africa has experienced in 23 years, caused by a combined effect of a drought and a strong El Niño event [59] and the country is still experiencing the effects thereof. The last controlled flood release from the Pongolapoort Dam took place in December 2014. However, the system still receives a monthly baseflow that is continuously released as a result of the "compensation flows" agreement with Mozambique and is intended to be no less than 5 m 3 s −1 [60] . Although the lower Phongolo has largely been utilised by small scale subsistence farms for the past few hundred years [65, 68] , larger irrigation schemes have developed in recent years ([57], Figure 1 ). Threats to the upper reaches of the Phongolo River include abandoned coal mines in the Paulpietersburg area where the Bivane River originates, and an estimated 199 km 2 and 480 km 2 of irrigated and afforested area respectively [65] . The middle reaches of the Phongolo River are utilised by some 16,000 ha of sugarcane and 1000 ha of citrus, mango and vegetable farms. Water from the upper Phongolo River is reserved for these various land uses as well as for the Impala Irrigation Scheme in the middle Phongolo [65] . In addition, the Bivane Dam, located on the Bivane River upstream of its confluence with the Phongolo River, was completed in 1995 to provide additional irrigation water to the surrounding sugarcane farms and has also decreased the water inflow into the Pongolapoort Dam [61] . Presently, under normal circumstances, two controlled floods are released from the dam, the largest of which generally occurs in October, while a smaller release occurs around July ( Figure 2 ). The main goal of this flooding regime is to meet socio-economic demands [58, 61] . Three droughts have occurred in South Africa between 1972 and 2017. The first took place in 1983 [64] , the second from 1991 to 1993 [76, 77] and the most recent from 2015 to 2017 [59] (Figure 2 ). During these periods, the flow of the Phongolo River was greatly reduced and, in the cases of the droughts of 1983 and 2015-2017, no flood releases occurred from the Pongolapoort Dam. The drought of 1983 ended when a severe cyclone (cyclone Domoina) caused the biggest flood ever recorded in the Phongolo River between 29 January and 2 February 1984 [64] . During the drought of 1991 to 1993, normal flood releases still took place. The most recent drought from 2015 onwards is considered the worst that South Africa has experienced in 23 years, caused by a combined effect of a drought and a strong El Niño event [59] and the country is still experiencing the effects thereof. The last controlled flood release from the Pongolapoort Dam took place in December 2014. However, the system still receives a monthly baseflow that is continuously released as a result of the "compensation flows" agreement with Mozambique and is intended to be no less than 5 m 3 s −1 [60] . 
Data Collection
Historical data from three South African Department of Water and Sanitation (DWS) monitoring stations within the Phongolo River catchment were obtained from the DWS National Chemical Monitoring Programme. The first of these selected monitoring stations, W4H006, Phongolo River (Upstream) is located upstream of Pongolapoort Dam, and the remaining two are located downstream of the dam. Station W4H013 (Downstream 1) is located below the dam wall and the final monitoring station (W4H009, Downstream 2) is located 80 km downstream of the dam within Ndumo Game Reserve (NGR) ( Figure 1 ; Table 1 ). The water quality data collected and analysed from the monitoring stations included calcium (Ca), chloride (Cl − ), conductivity (µS cm −1 ), potassium (K), magnesium (Mg + ), sodium (Na), ammonium nitrogen (NH 4 + -N), nitrate nitrogen/nitrite nitrogen (NO 3 − -N/NO 2 − -N), pH, orthophosphate (PO4 3− ) and sulphates (SO4 2− ). Historical data collected from the DWS database for the three sites are indicated in Table 1 , along with the years for which data were available, and included years during which severe droughts occurred (1983, 1991 and 2015-2016) . The monthly average flow data (measured in m 3 s −1 ) were also obtained from Downstream 1 for the years 1985-2017. 
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Statistical Analysis
The PAI, a water quality index developed for the South African eco-classification determination process, was applied to determine the present water quality status of the study area. The PAI is a tool used to determine the state of the physical and chemical water quality for a resource unit or a specific site. The PAI makes use of a Microsoft Excel-based weighting, ranking and rating framework that allows for the assessment of individual variables, the integration of the variable outcomes and then of the integrated overall water quality state [51] . This is based on a multi-criteria decision analysis that considers a range of water quality variables. These include pH, salts, temperature ( • C), turbidity/clarity, dissolved oxygen (mg L −1 ) and various toxicants [52] . Ranking (1) (2) (3) (4) and weighting (0-100%) relates to the state of water quality under natural conditions. The importance of each of the variables (where 1 is least and 4 most important) is determined by whether the river is perennial or not, average width of the river and geomorphic zone [53] . The PAI compares each water quality variable to reference conditions in order to determine the degree to which each variable has changed, and this is rated from 0-5 (where 0 is no change and 5 is extreme change) based on the degree with which water quality variables have changed from the reference conditions as well as the importance of each variable in relation to the possible biotic responses it may cause. The result is that each site is assigned an ecological category, ranging from A to F and a score ranging from 0 to 100 (Table 2 ) [52] . Weighting and ranking of the physicochemical variables for the Phongolo River was based on characteristics that are important for lowland rivers [53] . In lowland rivers, the order of metrics from most to least important are toxicants, nutrients, dissolved oxygen, temperature, pH, salts and water clarity [53] . This analysis was applied to determine the PAI of each of the three sample sites (Upstream, Downstream 1 and Downstream 2 respectively). In order to determine the possible changes in water quality, first a historic PAI was calculated to assess the initial state of the river. Data from 1972 to 1976 from upstream of the impoundment were used to calculate the historic Upstream and Downstream 1 PAI. Recordings for Downstream 1 only started in 1984 and it is likely that water quality had already changed after the drought of 1983 and cyclone of 1984. However, even though the Pongolapoort Dam had been completed by 1973, flow was not yet regulated during this period and water flowed through unrestricted [78] . Water quality immediately below the impoundment would therefore have been similar to upstream of the impoundment. The historic water quality of Upstream were therefore used as a proxy for historic conditions at Downstream 1. Data from 1980 to 1982 were used to calculate the historic Downstream 2 PAI. More years could not be included due to the drought of 1983 and cyclone of 1984. Then, using data from 2009 to 2014, a PAI of pre-drought conditions was calculated to determine the water quality before the recent severe drought of 2015-2017. Using data from 2015 to 2017, a final PAI was calculated to determine whether water quality had changed during the severe supra-seasonal drought.
A time series assessment of the chemical water quality of the Phongolo River was performed. The water quality data obtained from the DWS database comprised of recordings taken once a month between 1972 and 2017, although data were not available for every month. Available data for each variable were averaged to annual records to determine trends in water quality at all sites from 1972 to 2017. Line graphs of the mean (±SD) of each variable were created to visually assess the general trends and possible changes in water quality from 1972 to 2017 of all three data sets (Upstream, Downstream 1 and Downstream 2). In order to assess the possible influence of flow on the various water quality variables downstream of the dam (Downstream 1), regression analysis was performed on data from 1983 to 2017 as these were the only years that flow data were available for. Since autocorrelation (serial correlation) is a common occurrence in time-series data [79, 80] , each dataset was tested for autocorrelation prior to regression analysis using the Durbin-Watson test. Linear regressions were then performed on those variables that were not autocorrelated and generalised least squares (gls) analysis applied on those that were autocorrelated. The Shapiro-Wilk test for normality was utilized to test whether data had a parametric distribution. The data distribution was not parametric and the Kruskal-Wallis H test for nonparametric data was therefore used to assess potential significant differences in water quality variables from 1972 to 2017 at each site and between the three sites. The Kruskal-Wallis H test was also used to assess water quality variables between the three categories created for PAI (historic, pre-drought and drought). Dunn's post-hoc test was then used to determine specific significant pairwise differences. To control for inflated false discovery rates, a Bonferroni correction was used.
To determine the potential effects of the Pongolapoort Dam, the upstream dataset (Upstream) was compared with the dataset immediately downstream of the dam (Downstream 1) using Principal Component Analysis (PCA) created in Canoco v5. Then, to compare whether water quality differed between the river outside and within NGR, a second PCA was created to compare the downstream water quality data outside NGR (Downstream 1) with the water quality data within NGR (Downstream 2). Each dataset was tested for multicollinearity using the variance inflation factor (vif) collinearity diagnostic test prior to PCA analysis. If the "vif" is >10, severe multicollinearity is present and variables causing this need to be excluded from multivariate analyses [81] . Variables with severe multicollinearity were excluded from further analysis. All water quality variables, with the exception of pH, were then standardized by way of log transformation [y = log (x + 1)] in order to reduce the distribution of skewness [82, 83] . The gls analysis was performed in the "nlme" package in R (reference) while all other abovementioned tests were performed in IBM SPSS Statistics 23 (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0., Armonk, NY, USA: IBM Corp.).
Due to multicollinearity, Na, Mg + and conductivity were excluded from the Upstream dataset, Na and conductivity were excluded from the Downstream 1 dataset and Cl-, was excluded from the Downstream 2 datasets for PCA analysis. Principle component analysis has similarly been utilized in other manuscripts assessing temporal and seasonal changes in water quality of rivers (e.g., [84] [85] [86] ). A PCA is based on a linear response model which relates a single variable (e.g., water data) to a particular site (or survey). A diagram of the assessed sites is visualized on a two-dimensional basis. Placement of the sites on the diagram signifies either similarities or dissimilarities between the measured variable and sites based on the angle of the variables to one another. Variables at ≤90 • are positively correlated while variables >90 • are negatively correlated [87] . 
Results
The data are reported as an annual average per year for each site. Historical data sets obtained from the DWS monitoring stations comprised incomplete monthly records as they were not collected consistently for the same months of each year at each site. The data were thus highly variable, making direct comparisons between sites difficult. To make the data more comparable they were aggregated to represent annual records. The historic water quality of the middle and lower Phongolo River was in an unmodified, natural state (A rating) both above and below the Pongolapoort Dam ( Figure 3 ; Table S4 ). The PAI% indicated that Downstream 2 was in the most unmodified state (96.56%) while Upstream and Downstream 1 had a lower score (88.39%). From 2009 to 2014 (pre-drought) the river ecological category of all three sites declined to a moderately modified state (C rating) and a PAI% of 76.24%. This was driven by an increase in all assessed variables at all three sites, with the exception of nutrients upstream of the dam which decreased (see Table 3 ). The river ecological category of all three sites remained in a moderately modified state during the drought (2015-2017) ( Tables 3-5 ). However, there was a further decline in the PAI% of Upstream and Downstream 2 and this was driven by an increase in pH and salts at the Upstream site and an increase in salts and nutrients at Downstream 2 (see Tables 3 and 5 ). During the drought, Downstream 2 was in the most modified state of the three sites (70.43%) followed by Upstream (71.51%) while Downstream 1 was the least modified (76.24%). in an unmodified, natural state (A rating) both above and below the Pongolapoort Dam ( Figure 3 ; Table S4 ). The PAI% indicated that Downstream 2 was in the most unmodified state (96.56%) while Upstream and Downstream 1 had a lower score (88.39%). From 2009 to 2014 (pre-drought) the river ecological category of all three sites declined to a moderately modified state (C rating) and a PAI% of 76.24%. This was driven by an increase in all assessed variables at all three sites, with the exception of nutrients upstream of the dam which decreased (see Table 3 ). The river ecological category of all three sites remained in a moderately modified state during the drought (2015-2017) ( Table 3-5) . However, there was a further decline in the PAI% of Upstream and Downstream 2 and this was driven by an increase in pH and salts at the Upstream site and an increase in salts and nutrients at Downstream 2 (see Tables 3 and 5 ). During the drought, Downstream 2 was in the most modified state of the three sites (70.43%) followed by Upstream (71.51%) while Downstream 1 was the least modified (76.24%). Linear and generalised least squares regression analyses were used to predict changes in water quality variables based on changes in flow downstream of the Pongolapoort Dam (Table S5 ). The annual flow was found to have a significant effect on only two variables downstream of the Pongolapoort Dam, as the analyses revealed a significant linear effect of flow on pH (p = 0.0006; F1,366 Linear and generalised least squares regression analyses were used to predict changes in water quality variables based on changes in flow downstream of the Pongolapoort Dam (Table S5 ). The annual flow was found to have a significant effect on only two variables downstream of the Pongolapoort Dam, as the analyses revealed a significant linear effect of flow on pH (p = 0.0006; F 1 , 366 = 7.66) and Post-hoc analyses further revealed significant increases in conductivity (p = 0.046), pH (p < 0.0001), Mg + (p = 0.003), Ca (p = 0.002), SO 4 2− (p < 0.0001) and K (p < 0.0001) and significant decreases in NO 3 − /NO 2 -(p < 0.0001) and NH 4 + (p < 0.0001) from historic to pre-drought conditions (Table S6 ). From pre-drought to drought conditions post-hoc analysis indicated significant increases in conductivity (p = 0.002), pH (p = 0.049), Na (p = 0.003), Mg + (p = 0.005), Cl − (p = 0.0008), SO 4 (p < 0.0001) and NH 4 + (p = 0.0001) from historic to pre-drought conditions (Table S7 ). Post-hoc analysis indicated significant changes in water quality from pre-drought to drought conditions with significant increases in conductivity (p = 0.02), Na (p < 0.0001), Mg + (p < 0.0001), Ca (p = 0.002), Cl − (p < 0.0001), SO 4 2− (p = 0.0004), PO 4 3− (p = 0.01), K (p = 0.02) and NH 4 + (p = 0.003). Further downstream of the impoundment (Downstream 2), nutrients increased significantly from 1980 to 2017 as NO 3 − /NO 2 − increased from 0.12 mg L −1 to 0.67 mg L −1 and PO 4 3− from 0.006 mg L −1 to 0.02 mg L −1 . Few significant changes were evident at Downstream 2 from the historic to pre-drought period ( Table 5 ). Post-hoc analysis indicated a significant increase only in pH (p < 0.0001) and a significant decrease in NH 4 + (p = 0.04) while no significant changes occurred in water quality from the pre-drought to drought period (Table S8 ). Spatial separation was evident in the PCA comparing the Upstream and Downstream 1 sites between 1972 and 2017 (explaining a total of 57.34% of data variation), as upstream survey years separated distinctly from downstream survey years along Axis 1 (explaining 39.19% of data variation) ( Figure S1 ). Post-hoc analysis revealed this to be driven largely by significantly lower salts (in the form of Cl -, Ca and SO 4 2− ) and nutrients (in the form of NO 3 − /NO 2 − and PO 4 3− ) immediately downstream of the Pongolapoort Dam compared to upstream of the dam from 1984 onwards (p < 0.05; Tables S2 and S3 ). Separation along Axis 2 (explaining 18.15% of data variation) was largely driven by higher values of NH 4 + in 1984 downstream of the dam compared to upstream. Separation along this axis was also driven by temporal variation in pH which increased significantly from the 1990s onwards at both sites. Spatial separation was also evident on the PCA comparing the two downstream sampling sites (Downstream 1 and 2) (explaining 58.08% of data variation) ( Figure S2 ). Survey years from Downstream 1 and 2 separated distinctly from one another along Axis 1 (explaining 34.07% of data variation) and post-hoc analysis indicated this was mainly driven by significantly higher Ca, SO 4 2− and Cl − at Downstream 2 compared to Downstream 1, particularly in 2010 and 2016 (p < 0.05).
Separation along Axis 2 (explaining 24.01% of data variation) was largely attributed to temporal variation in pH and NH 4 + . While pH was significantly lower in the 1980s and increased from the 1990s onwards at both downstream sites (p < 0.05), NH 4 + was much higher in 1984 at Downstream 1 compared to any other sites.
Discussion
The aims of this study were to assess the historical water quality of the middle and lower Phongolo River, determine whether Pongolapoort Dam has had any effect on water quality of the lower Phongolo River and ascertain whether the most recent severe supra-seasonal drought experienced from 2015 to 2017 led to changes in water quality of the Phongolo River. The main findings of the study were that the quality of water in the middle and lower Phongolo River has decreased from historic to present condition, largely as a result of continued increases in salinity, both above and below the dam. A significant decrease in nutrients and salts immediately below the dam suggests the Pongolapoort Dam is trapping nutrient-rich sediments, although no severe long-term adverse effects on water quality were apparent below the impoundment. Conversely, water quality further downstream of the impoundment, within NGR, had degraded the most of the three studied sites. Finally, the recent drought (from 2015 to 2017) did not appear to affect water quality of the Phongolo River severely, as there was little change water quality from pre-drought to drought conditions. The middle and lower Phongolo River has seen a decrease in its river ecological category and PAI% from the 1970s to the present along with a steady increase in pH and salinity and changes in organic and inorganic nutrients. Nutrients have significantly decreased above the Pongolapoort Dam from historic to pre-drought conditions, particularly after 1995, while further below the impoundment, within NGR, nutrients have increased since the 1980s. Immediately below the Pongolapoort Dam, the river has historically been poorer in nutrients than either assessed site above the dam or within NGR. Since Pongolapoort Dam was completed, there has been an increase in the number of irrigation schemes and farms, as well as a substantial population growth both above and below the dam. An influx of various constituents through return flows from mines and agricultural activities surrounding the Phongolo River are the most likely sources for these significant changes in water chemistry of the Phongolo River. The upper and middle reaches of the Phongolo River have been subjected to a myriad of anthropogenic inputs since the 1960s [69] and this was reflected by an historically lower PAI% than below the Pongolapoort Dam. These changes to the land surrounding the middle and lower reaches of the Phongolo River have resulted in an increased use of pesticides, organic and inorganic fertilizers [58, 62, 65, 66] as well as DDT use for malaria vector control, as the lower Phongolo River lies in a low-risk malaria region [57] . The upper reaches are exposed to both functioning and abandoned coal mines near Paulpietersburg, as well as by commercial forestry developments on both the Phongolo and Bivane rivers [62] . In the middle reaches, there are approximately 199 km 2 of mostly sugarcane farms [26, 35, 65] , and water from the upper reaches is allocated for forestry, as well as for the Impala Irrigation Scheme in the middle Phongolo River reaches [65] . Nutrients entering the Pongolapoort Dam have also decreased since 1995 and this coincides with the completion of the Bivane Dam, along with reported reductions in water inflow into Pongolapoort Dam [66] .
Although a 40% increase in the transformation of the lower Phongolo floodplain's natural vegetation into agricultural land occurred between 1955 and 2003 [89] , the lower Phongolo River has only truly been utilized since the 1980s when the Makhathini Irrigation Scheme started in 1982. By 1988 By -1989 , approximately 3500 ha of land of the lower Phongolo River was utilized for cotton production [90] . This included not only small subsistence farms, but also larger commercial cotton and sugarcane farms [54] . The population has also increased, from approximately 40,000 people living around the floodplain in 1982 [63] to approximately 198,000 people in 2016 [59] . Water from return flows and tailwaters from irrigation schemes and mining activities often contains high levels of total dissolved solids (TDS), including the dissolved cations calcium, magnesium, sodium and potassium, and anions such as sulphates, chlorides, fluoride, nitrate, bicarbonate and carbonate [91] and numerous other agro-pollutants leached from soils [35, [92] [93] [94] [95] . Merchán et al. [94] also determined that the main causes for increased salinity in the Lerna Basin in Spain were inputs from irrigation water. Similarly, research has found that increased water alkalinity and salinity in the Crocodile River catchment in South Africa was due to anthropogenic pollution, including inputs from agricultural and mining return flows [35, 83] The present study found the lower Pongolo River to have historically been poorer in nutrients just downstream of the dam than either above the dam or within NGR. Depending on the size, retention time and type of discharge, impoundments may either cause severe nutrient loads into the downstream river or retain sediment, silt and nutrients and thus decrease the passage of these constituents to the downstream river [13, 92, [96] [97] [98] Both the Bivane and Pongolapoort Dam have most likely reduced sediment passage, and thus nutrient flow into the rivers downstream of each of these impoundments. Since being built, the amount of sediment Pongolapoort Dam carries downstream has decreased [8] and this is most certainly the case of the Bivane Dam as well. Similar findings were reported by Heeg and Breen [99] and DWS [60] for the lower Phongolo River. In other regions, Zeng et al. [100] discerned a loss of major nutrients below the Xinhe Dam, China due to sediment trapping, and González et al. [101] found lower nutrient concentrations in the rivers downstream of four impoundments in central Spain than within the impoundments.
In 2014 the DWS reported that the water quality of the Phongolo River below the dam is in a good but deteriorating state [60, 65] . This was corroborated by the present study that found the river below the Pongolapoort Dam to have deteriorated from a river ecological category of A to C. This was driven by increases in not only salinity, but most markedly by increases in nutrients within the NGR, which has deteriorated the most amongst all three assessed sites, having the lowest final PAI%. Lowland rivers such as the lower Phongolo River are characterized as regions with distinct floodplains and alluvial, fine-bed channels [102] . The soils of these rivers, particularly those in the wetlands associated with them, are highly fertile due to the fine sediments in the wetlands that are able to absorb a high concentration of nutrients [103] and are the reason why many farmers plant crops within floodplains. These habitats are therefore highly dependent on receiving nutrient-rich sediment during flooding to replenish the soils [103] . When a dam traps these sediments, as has occurred with Pongolapoort Dam, there is a loss of fertile soil deposits into the floodplain wetlands [8, 104] . Therefore, along with the reduction of nutrients in the water of the lower Phongolo River, there has most likely also been a loss of nutrient rich soils in the floodplain wetlands associated with the lower Phongolo River. This loss of natural nutrients is often offset through the increased use of fertilizers on farms surrounding an aquatic ecosystem [105] . Farms in the lower Phongolo region not only abstract water from the river for irrigation, but also make use of nitrogen-rich fertilizers in order to maximize crop yields [57] and have thus led to an influx of nutrient rich run-off into the river flowing into NGR.
During the peak of the droughts in 1983, 1993 and 2016, the flow from the dam was severely reduced, with only a low continuous baseflow released as per cross-border agreements with Mozambique [60] . This low flow was accompanied by acute increases in water salinity and nutrients observed during the peaks of each of these droughts and the inverse relationship between flow and salts. As flow decreased, the various salts and pH increased, while the opposite was true with increases in flow. The present study also found these variables to increase further from 2016 to 2017. These changes in the water quality are most likely due to a combination of the natural geology of the region, increased agricultural activities and, in the case of the more recent drought, a further reduction in river flow from 2016 to 2017. Cretaceous marine sediments make up a great deal of the region's geology and produces naturally saline groundwater that seeps into the river [8, 106] . The dissolved salts levels in the lower Phongolo are therefore naturally slightly higher than most other freshwater river systems, resulting in slightly more saline water within the lower Phongolo River, particularly where it flows into NGR. These dissolved salts levels are particularly high during periods of low flow [63] , and the additional accumulation of ions, increased alkalinity and high salt concentrations occur during extended periods of drought [107] . Similar results were reported by Kelly et al. [96] where water flowing into the Rio Grande Basin (USA) was more saline during periods of drought due to increased inputs from saline ground water. Water quality diminished further during the 2016 drought, largely due to increased salinity and pH. When there is regular flow for longer periods of time, and reduced extreme low-flow events, less flushing of the system occurs. This causes an accumulation of minerals and leaching of nutrient-rich water [8] , which may reduce water quality and the health of the aquatic ecosystem in the long-term. However, the changes in water quality observed during the present study were not accompanied by a further decrease in river ecological category, which remained in a moderately modified state. The baseflow released from the dam was enough to sustain the present quality of water without severe further deterioration by continuously providing freshwater to the ecosystem and preventing stagnation of water. The reasons for acute increases in Ca, SO 4 2−, PO 4 3− at Downstream 2 in 2010 are unclear, as only one data point is available for this year at this monitoring station, making it difficult to draw definitive conclusions and will therefore not be discussed further.
Conclusions
This study aimed to assess long-term water quality trends of the Phongolo River above and below the Pongolapoort Dam, as well as ascertain whether the dam or the recent severe supra-seasonal drought had any recent effects on water quality of the Phongolo River. The suite of analyses used to assess the water quality and potential impacts during the past approximately five decades supported the first hypothesis, as results revealed that water quality has significantly changed and become much poorer since the 1970s to the present day. It was further found that the water of the middle Phongolo River had already been impacted historically before entering Pongolapoort Dam as it had the lowest historic PAI% value of the three sites and supported the second hypothesis. The Pongolapoort Dam does appear to affect water quality by significantly decreasing salts and nutrients entering the lower Phongolo River. However, these changes have not led to severe negative impacts on water quality, as the final PAI% was highest immediately below the dam compared to either upstream or further downstream of the dam and therefore did not support the third hypothesis. Finally, although significant changes occurred in water quality parameters from pre-drought to drought conditions during the supra-seasonal drought, this did not severely affect the Phongolo River's ecological status as it remained in a moderately modified state and the final hypothesis was therefore not supported.
This study was limited by the inconsistency of the availability of historical data, as monthly records obtained from the DWS monitoring stations consisted of incomplete recordings, making direct comparisons between data sets difficult. To make data more comparable, monthly data sets were therefore averaged to annual data. The results from this study still provide valuable insight into the long-term water quality trends and effect of long-term anthropogenic use of the lower Phongolo River, which is lacking for this ecologically important ecosystem. This study was able to successfully make use of multivariate statistical analyses and a water quality index in order to elucidate long-term trends and the present state of an important lowland river in Southern Africa. Taking long-term trends in water quality into consideration provides a clearer indication of the historic and present anthropogenic influences on an aquatic ecosystem. It also enables researchers and management authorities to focus on potential future threats that need to be addressed in order to prevent further ecological changes.
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